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TECHNICAL NOTE D-1536

AN INVESTIGATION OF THE LIQUID LEVEL AT

TKE WALL OF A SPINNING TANK

By David M. Winch

ABSTRACT

Results are presented for an analytical and experimental study of

the liquid-level rise in a spinning cylindrical tank. Theoretical ex-

pressions for the steady-state free-surface contour and the transient

liquid-level rise were derived. The experiments were conducted in a

cylindrical Piexiglas tank operating at tangential velocities from 51.36

to 138.7 in./sec for viscosities ranging from i to 260 centistokes. The

effects of initial liquid level, viscosity, and tangential velocity on

liquid-level rise were determined_ the results were compared with theory.

An empirical correlation was also found for all the test cond±tions.

(Initial NASA distribution: ZO, Fluid mechanics_ 39, Propulsion systems,

liquid-fuel rockets.)



NATIONALAERONAUTICSANDSPACEADMINISTRATION

TECHNICALNOTED-1536

CO
!

AN INVESTIGATION OF THE LIQUID LEVEL AT

THE WALL OF A SPINNING TANK

By David M. Winch

SUMMARY

An analytical and experimental investigation was conducted to ob-

tain information on the steady-state and transient liquid-level rise in

a spinning cylindrical tank. Analytical expressions for the steady-

state free-surface contour for both unexposed- and exposed-bottom condi-

tions were developed. A theoretical relation based on simplifying as-

sumptions was derived for transient liquid-level rise.

Tests were conducted in a cylindrical Plexiglas tank with a diame-

ter of 26.5 inches. Various water-glycerine mixtures with viscosities

ranging from i to 260 centistokes were used. The tank was operated at

tangential velocities from 51.36 to 138.7 inches per second and with

initial liquid levels ranging from 4 to 16 inches.

Experimental results showed that the rate of rise of liquid level

at the wall increased with increasing fluid viscosity, decreasing ini-

tial liquid level_ and increasing tank tangential velocity. The last of
these tended to decrease as the initial liquid level decreased.

Although good agreement between experiment and theory was observed

for the steady-state conditions, poor agreement was obtained for the

rate of level rise for the transient case. The disagreement was attrib-

uted to the fact that radial- and axial-flow terms were neglected in the

development of the transient solution. A correlating equation was found

that allows for the prediction of transient liquid height at the tank

wall for the conditions investigated.

INTRODUCTION

Solid-propellant rockets have been successfully stabilized during

flight by being spun about their longitudinal axes. Use of this method

of stabilization for liquid-propellant rockets is complicated by the in-

duced motion of the liquid in the propellant tanks. An important aspect
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of the liquid motion is the rise of the liquid surface at the wall of
the spinning tank. As the liquid rises_ it can fill vents and inlets
and may thereby spill or obstruct flow} furthermore 3 the location and
amount of wetted tank surfaces influence the rate of propellant evapora-
tion due to aerodynamic heating. Becauseof these considerations_ it is
important to be able to predict the height of the liquid at the tank
wall at any time.

An analytical solution for the steady-state unexposedtank bottom
is given in references i and 2. A theoretical solution for the tran-
sient variation of fluid angular velocity in a spinning tank was found
(ref. 3), but the simplifying assumptions involved in the solution made
its use questionable for the prediction of liquid-level rise. An ana-
!ytica! and experimental program was, therefore, conducted to study
this problem.

Analytical solutions of the surface contour for the steady-state
spinning condition for both exposed and unexposedtank bottom were de-
veloped. An attempt was madeto find a solution for the liquid-level
rise at the tank wall during the transient condition_ the simplified
mathematical model of reference 3 was used.

An experimental program was initiated to check the theoretical re-
sults and to study the influence of tank tangential velocity, initial
liquid depth_ and viscosity on the liquid-height - time relation at the
wall of a right cylindrical Plexiglas tank. The tank had a diameter of
26.5 inches and was run at four tangential velocities ranging from 51.36
to 138.7 inches per second with five liquid viscosities ranging from I
to 260 centistokes. Nearly all the experiments were performed at four
initial liquid levels. Finally an empirical relation for the rise in
liquid level at the tank wall was derived from the experimental results.

!
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ANALYSIS

The problem was to find analytical solutions that would predict the

transient and steady-state liquid-level rise at the wall of the tank. A

right cylindrical tank partially filled with liquid was used in the in-

vestigation. If the tank is suddenly rotated at a constant angular ve-

locity _ the fluid will rise along the wall and form a concave free

surface. When the fluid finally attains the angular velocity of the

tank_ a steady-state or equilibrium configuration will be reached.

For the general case of a fluid rotating in a vertical cylindrical

tank, the forces acting at a point on the free surface of the liquid in

the absence of surface tension are indicated in figure l(a). Radial
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accelerations are caused by the fluid rotation _2r and the radial com-
ponents of the fluid displacements qr" Vertical accelerations arise
from gravity g and vertical tank accelerations a and from the verti-
cal componentof the fluid displacements qz" Becauseof the displace-
ment motions associated with the outflow, the vertical and radial accel-
erations will increase if fluid outflow occurs. Since the sumof all
accelerations tangent to the free surface must be zero_

(_2r + _r)COS8 : (g + a - _z)Sin 8

or

d-Y= _2r + _r

(All symbols are defined in the appendix.) The free-surface contour

dr/dz can be obtained if equation (i), the force-balance equation, can

be solved. Finding a solution to this equation requires a knowledge of

the distribution of the radial and vertical accelerations and the fluid

angular velocity.

Analysis of equation (i) was conducted for a nonaccelerating tank

(i.e., a = 0) for steady-state and transient conditions as indicated in

the following sections.

Steady-State Condition

When the fluid in the tank rotates at the same angular velocity as

the tank and all displacement motions have ceased, a steady-state condi-

tion exists, and; as a result, _ becomes a constant 3 qr = 0, and

_z = 0. Equation (i) can thus be integrated to yield

_r 2

= HO + 2-7 (2)

Equation (2) indicates that the free surface is a paraboloid of revolu-

tion.

That steady-state liquid height can be expressed in terms of the

initial liquid level H i is clear from a consideration of the steady-

state volume given by

_R2 (HwV = _R2Ho +-_ - H O) (3)
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When equation (3) is equated to the initial liquid volume _R2HiJ the

steady-state liquid height becomes

H =H i +--_-g (4)

and the steady-state liquid height at the tank wall is

e2R2

Figure l(b) shows a typical steady-state free-surface contour for a tank

with an unexposed bottom.

It can be seen from equation (4) that for r > _ the liquid

level rises above the initial liquid level, while at r = u/V/_ the

steady-state liquid level coincides with the initial liquid level, and

finally, at r < _ the liquid level is depressed below the initial

liquid level. It is also evident that 2_ w = Hw - H i = H i - HO.

If H i _ _2R2/4g, the bottom of the tank will be exposed because

of the depression of the liquid as indicated in figure l(c). From the

consideration of initial and final liquid volume, it can be shown that

(G)

This equation describes a paraboloid of revolution (fig. l(c)) between

r = R where H_ = a_/g_ Hw and r* = [R 2 - (2R/_) g_j_1] !/2 where

H* = 0. Figure 2 illustrates the influence of initial liquid level on

2_ as a function of tank tangential velocity. Exposing the tank bot-

tom suppresses the liquid-level rise for a given value of tank tangen-

tial velocity.

I
CO

Transient Condition

The angular velocity and acceleration distribution of the fluid as

a function of space and time must be known so that the fluid-surface

contour for the transient condltioncan be obtained. This requires the

solution of the Navier-Stokes equations in conjunction with the conti'

nuity equation. For an incompressible fluid, these equations are:

p
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0F

Dqz E 8P #V2qzP D-T-: -_+

8qzqr + + I _r__ + = 0
T r ae

(7)

(8)

(9)

(lO)

where

D _ _ _
D-'£= _+ qr _i+m_ + qz_'E

and

v2 _2 l _ 1 _)2 _2= _ + + +

_r 2 _ rB _o2 _z 2

Boundary conditions for the problem being investigated are as follows:

(i) For no slip at the tank wall, _ = _w at any time t.

(2) For the remainder of the fluid, _ = 0 at t = 0 for r < R.

Solutions of the Navier-Stokes equations for the rotating-tank

boundary conditions have not been obtained, however, because of the com-

plexity of these equations. It was, therefore, necessary to consider

simplifying assumptions in order to obtain a solution. A closed-form

solution could be obtained if the problem were reduced to a one-

dimensional transient case; this represents a rather severe restriction.

Assuming that the fluid moves in concentric cylinders about the axis of

rotation and that the velocity depends only on time and radius implies

that e = qr = 0, R = -p_2r, and

8nx I
--=0
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where X i = qr,qs,qz,P and u i = @,z; and

8nY i
_----0

where Yi = qr_qz, P and v i = r,t. For these assumptionsj equations

(7) to (10) reduce to

---- + (ii)
rE

Reference Z presents the solution of this equation as

oo

= i 2R L Jl(_nr/R) -_2nt/R2a_ -r _nJ2(_n) e

n=l

(12)

The increase in the height of the liquid at the tank wall is obtained

when equation (12) is substituted into the force-balance equation

(eq. (i)) for qr = qz = 0 and integrated over dr. The solution is

oo oo

Ahw 1 16 L e-_n2t/R2 V"_e-ZW°_2nt/R2
.... + 8 _-[ (iS)
Z_ w _n2 _._ an

n=l n=l

where _w = Hw - Hi is the liquid rise at the wall for the steady-

state condition (eq. (5)).

In view of the restrictive assumptions, the accuracy of equation

(13) is questionable; however_ it may be useful in indicating the influ-

ence of some of the important variables involved. For example, accord-

ing to equation (13) the rate of rise of the liquid-level ratio at the

tank wall should depend on the liquid kinematic viscosity and the radius

of the tank.

!
Go

-4

APPARATUS AND PROCEDURE

A diagram of the test rig used in the experimental investigation

is shown in figure 3(a). The test rig consisted of a transparent right

cylindrical Plexiglas tank with an internal diameter of 28.5 inches and



CO
!

a height of 26 inches clamped between two flat plates and bolted to a

motorized turntable. The turntable was rotated by a variable-speed motor

capable of accelerating the liquld-filled tank to 138.7 inches per sec-

ond in approximately 3 seconds.

Preliminary test runs revealed that a i/8-inch misalinement of the

tank's spinning axis with respect to the true vertical produced waves

large enough to obscure the liquid height measurements. Careful shim-

ming was required to obtain true alinement.

For each experiment the partially filled tank was rapidly acceler-

ated from rest to a constant angular velocity while the motion of the

liquid surface, the revolutions indicator, and the elapsed-time indica-

tor were photographed until the free surface of the liquid appeared

close to its equilibrium contour.

The fluid-surface contour was photographed in a darkened room by

means of a shutterless, semiautomatic camera and a high-intensity light

source; the light was synchronized to fire at a predetermined tank posi-

tion. Instrumentation consisted of an elapsed-tlme indicator with an

accuracy greater than 0.i percent, an electrical tachometer with an ac-

curacy of ±i percent, and a metal scale, which was mounted on the wall

of the tank, with an accuracy of ±0.05 inch. A typical photograph of

the spinning tank and liquid motion is shown in figure 3(b). It was

also possible from the photographs to establish the liquid-surface pro-

files if corrections were made for the distortion caused by the refrac-

tion of light from liquid to Plexiglas and from Plexiglas to air.

Experiments were conducted at speeds of 37, 60, 80, and I00 revolu-

tions per minute, which correspond, respectively, to tangential veloci-

ties of 51.36, 83.28, iii, and 138.7 inches per second and liquid depths

of 4, 8, 12, and 16 inches. Water and four water-glycerine mixtures

were used to obtain kinematic viscosities of i, 3.4, 34.5, 91, and 260

centistokes. Except for the 3.4-centistoke tests, runs were made at all

liquid levels and tank speeds indicated. The combined conditions of

maximum speed and maximum liquid depth caused the height of the liquid

at the tank wall to reach the top of the tank before equilibrium condi-

tions were established.

RESULTS AND DISCUSSION

Experimental Data

The results of the experimental runs indicated that, in the

spinning-tank system investigated, the rate of rise of the liquid at the

tank wall is a function of the variables investigated, namely, the tan-

gential velocity of the tank, the initial liquid level, and the viscosity



of the liquid. Table I is a compilation of the measured liquid levels
at the tank wall and the corresponding times recorded during the course
of the experimental program. Figure A showsa typical time variation of
the rise in liquid level at the wall. The zero tlme shownin the plot
and in the table was taken as one-half the time required for the tank to
reach full speed. The maximumtank acceleration period was 3 seconds
for the 158.V-inch-per-second runs.

Steady-state condition. - Theoretical values of the steady-state

llquld-level rise £_w calculated from equation (5) for the test condi-

tions of initial liquid level and tangential velocity are shown in table

II. For tests where the equilibrium condition was reached, the liquid

height at the tank wall agreed with the theoretical values of table II

within ±2 percent; this value corresponds to a known error of ±l percent

for the angular velocity of the tank. For convenience of analysls 3 the

experimental liquid-level rise _ is therefore presented as the ratio

2hw/Z_ w for each speed.

The surface contour for a typical steady-state condition is pre-

sented in figure 5(a). The experimental data fall within ±0.2 inch of

the predicted contour.

I
O9
-4

Transient condition. - Plots of the surface profile at several in-

tervals during the transient condition for a typical run are shown in

figure 5(b). The axial symmetry in the surface profiles suggests that

the motion of the liquid was truly axially symmetric.

Effect of vlscoslt_. - Figure 6(a) Is a representative curve that

shows the general influence of viscosity on liquid-level-rise rate. In

all runs, increasing the viscosity decreases the time required to reach

any particular liquid height. This is to be expected because the shear

forces operating at the higher viscosities are larger than those at

lower viscosities.

Effect of initial liquid level. - A typical plot illustrating the

general effect of the initial liquid level on the rate of rise at the

wall for fixed viscosity and tank speed is shown in figure 6(b). The

significant aspect of this plot is the shape of the curves. The liquid

rises more rapidly as initial liquid level decreases because of the in-

creasing influence of the tank bottom. As the initial liquid level and

the corresponding liquid volume decrease, the tank wall communicates

less torque to the liquid, while the tank bottom exerts a constant but

relatively larger torque to the liquid.

More specifically, the rate of rlse should be a function of the

ratio of total liquid wetted surface (proportional to torque) to liquid

volume (proportional to mass). For a cylindrical tank the aforementioned
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ratio is 2/R + 1/Hi, which indicates that the rise rate should be a

function of tank radius as well as initial liquid level. The diminish-

ing effect on level-rise rate observed as initial liquid level is in-

creased, is also indicated by this expression.

Effect of tank speed. - It was found that the variation of rate of

rise of the liquid at the wall with tank tangential velocity was a func-

tion of initial liquid level. For the 16-inch-initial-liquid level

(fig. 6(c)), the liquid-level rise increased with tank speed according

to the relation 2_w/2_ w = i - e-K_. The effect of tank speed dimin-

ished, however, as the initial liquid level decreased. The rise data

for several viscosities for the 4-inch liquid level are shown in fig-

ure 6(d). Except for the run with a tangential velocity of 51.$6 inches

per second and a viscosity of i centistoke, the rate of rise was essen-

tially independent of the tangential velocity of the tank for this ini-

tial liquid level.

Comparison of Experimental Results with Theory

Illustrative calculations of f_hw/2_ w as a function of time for
several viscosities and tank radii obtained from the theoretical rela-

tion of equation (13) are shown in figure 6(e). This figure shows that

the rate of rise of the liquid increases as viscosity is increased and

as tank radius is decreased. Figure 7 shows a comparison between the

theoretical results of equation (13) for the test-tank radius and the

experimental data for two viscosities. Equation (13) predicts a slower

rate of rise of the liquid than that determined by the experiments. The

agreement is poor for the two viscosities presented, but, as the vis-

cosity increases, the agreement improves. The inadequacy of the one-

dimensional approach is thus clearly indicated.

In view of the symmetric transient and steady-state surface profiles

observed (fig. 5(b)) the assumption that fluid velocities and pressures

are axially symmetric so that _nxi/8@n = 0 is certainly valid. (This,

of course, requires that the tank be symmetric with respect to its spin-

ning axis and that the axis be parallel to the external force field.)

Although the experimental data (fig. 6(b)) show that the rate of rise

tends to decrease with increasing liquid level, it does not appear

likely that a good correlation could be attained for the low viscosities

even for very large initial liquid levels. It, therefore, seems reason-

able that neglecting _nxi/Szn and the tank-bottom boundary condition

in the theoretical approach produces only a small error relative to the

total error. The primary causes of the analytical error are, therefore,

probably the assumptions that qr = 0 and 8nYi/SV _ = O.
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Empirical Correlation

Since the simplified analysis proved to be inadequate in predicting
liquid-level - time relations, it becamenecessary to obtain an empiri-
cal correlation for the data variations. The data for all levels were
found to fit an empirical equation given by

vt
fkhw -m R2

: i - e (14)
AHw

where the nondimensiona! parameter m In the exponent is a function of
initial liquid height; m is plotted as a function of viscosity in fig-
ure 8. Equation (14) in conjunction with figure 8 allows for the predic-
tion of liquid height for any time within the range of variables investi-
gated. Figure 9 shows a fit of the equation to the experimental data for
the l-centistoke, 16-inch-liquid-level tests and the 260-centistoke,
A-inch-liquid-level tests. Figure 9(a) is indicative of the poorest
agreement expected from the correlation.

Application of Results

Inasmuch as the program was conducted to provide someinsight into
the behavior of fluids in spinning propellant tanks of flight vehicles,
it is of interest to discuss the possible applications of the results.
Fluids of interest (e.g., liquid hydrogen, liquid oxygen, and hydrocar-
bon fuels) have kinematic viscosities lower than the range of values
covered in the experiments. Extrapolation of the correlations of fig-
ure 8 is required for estimating the transient level rise of these
fluids.

The effect of longitudinal tank accelerations on the steady-state
condition can be found if g ÷ a is substituted for g in equation (2).

Thus, the steady-state level rise becomes ZkHw = _2R2/4(a + g). For the

transient level rise, the effect of a will be to change the steady-

state height term Zi_w, but the effect on the rlse ratio Zihw/Z_ w is

not clear. According to the formulation of equation (12), the solution

for _ does not involve a. Thus_ theoretically, the time required to

reach any value of Zihw/Zk_w is not affected in equation (15). In view

of the inadequacy of equation (15), however, no firm conclusions can be
drawn about the effect of tank acceleration on the transient level rise.

Finally, fluid outflow might have some effect on the level rise

characteristics because of the possible circulation motions set up by

the discharge. An insight Into such possible effects on the level rlse

could not, however, be obtained from a qualitative examination of the

equations involved.

!
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SUMMARY OF RESULTS

The following principal results were obtained from an investigation

of the fluid motion in a cylindrical tank spinning about its longitudi-

nal axis:

i. Integration of the force-balance equation for the liquid free

surface showed the steady-state llquid-level rise at the tank wall to be

a function of the square of the tank tangential velocity. If the tank

bottom becomes exposed because of small initial liquid-level heights,

the steady-state level rise will be smaller than that for the unexposed

case. The steady-state surface contour is a segment of a paraboloid of

revolution for both exposed and unexposed conditions.

2. Experimental results verified the theoretically predicted level

rise and surface contours for the steady-state condition. Transient

contours were symmetrical about the axis of the tank.

3. Experimental results showed the rate of level rise at the wall

increased with increasing fluid viscosity, decreasing initial liquid

level, and increasing tangential velocity. The latter effect tended to

decrease as the initial liquid level was decreased.

4. Poor agreement was observed between experimental time variations

of level rise and theoretical values obtained from solutions based on

the highly simplifying assumption of one-dimensional flow. The discrep-

ancies became worse as viscosity decreased. The disagreements were be-

lieved to be due primarily to the neglecting of radial and axial flow

terms and the boundary condition of the tank bottom in the theoretical

solution.

5. Empirical relations were obtained to describe the experimental

variations of liquid-level rise as a function of time, viscosity, tank

tangential velocity, and initial liquid level.

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohio, May 9, 1962
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APPENDIX - SYMBOLS

vertical acceleration of tank, in./sec 2

acceleration due to gravity, in./sec 2

steady-state liquid level, in.

change of steady-state liquid level from initial level, in.

transient liquid level, in.

change of transient liquid level from initial level, in.

Bessel function of first kind, first order

Bessel function of first kind, second order

empirical exponent for curve fit, 1/sec 1/2

par_eter in empirical exponent for curve fit

summation index, eqs. (12) and (13)

pressure, lb/sq in.

polar velocitles_ in./sec

polar accelerations, in./sec 2

radius of tank 3 in.

polar body forces

polar coordinates

time, sec

volume of liquid, cu in.

nth root of Jl

dynamic viscosity, centipoises

kinematic viscosity, centistokes

density of fluid, Ib/sq in.

!
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angular velocity, rps

Subscripts:

i initial level

w tank wall

0 at center of tank

Superscript:

* tank bottom exposed
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TABLE I. - EXPERIMENTAL LIQUID LEVELS AT TANK WALL AND CORRESPONDING TIMES

(a) Kinematic viscosity, 1 centlstoke

TanEentlal_, velocity, I

...... In./se¢

! Time, Liquid- Time, Liquid- , Liquid- Time I Liquid-

i t, level level level t, levelE sec rise, I sec E rise, _Ise, E sec L rise.

in. in.
: ........

Initial liquid level, 16 In.
i

0.20 4.3 0.50

15.7 .50 11.2
Ig.O
50.5

4"b.O

50.0
60.0
75,0
90.0

lOS, 0
i19.0
134.0
150.0
165.0

180.0
200.0
220.0
240.0
270.0

500.0
600,0

,50 LY2.1 { .90

.30 50.011.10
L

5o _o.o i_o
.40 50,0 1.50
.45 60, 0 i, 70
.50 71,6 1.90

.50 79.5 2.05

:70
.75 104.5 2.50 I
.90 118.0 2.50 !
.90 154.0 2.60 !

I.O0 15o.o 2.80 !

o __ 0 l o 0.30

$,5 .60 4,7 I
9.3 I.I0 7.4 ' 1.00

14.5 1.20 12.2 1 1.80
_0.5 1.40 18.3 I 2.40

26.5 1,70 1 28.1
30.0 2,50 _5.0

48.0 2.85 4_.0 4,8_

50.0 5.00 58.0 5.70
58.0 3.25 75.0 8.40

88.0 3.50 20.0 _7-.10

78.0 3.80 i05,0 7
91.0 4.25 120.0 8,20

115.0 4.50 141.0 8.70
I18.0 4.80 .0 7.20

1.05 185.0 5 O0 ! 158.0 5.10 |

I.I0 179.0 5. i0 _!148.0 5.55

i1.10 _00.0 8.20 I 165.0 5.60

1.15 219.0 5._ i 177.0 5.90
2_::- _:_:. F_ _..' , _-- 198.0 t- 8.00

1,_t5 270.0 5.65 218.0-- I 6 20

1.55 300.0I 5.701257.0I 0.40
600.0 4.50 | 272.0 8.65

500.0 8.85
___ soo.o___

Initial liquid level, 8 in.

0 0 0 0 0 0 0

_._ I .lO I 4.3 I .20 I 2,4 I .20 5.3 1.00
10.7 .00 9.2 .60 ' 8.0 1.20 9.6_751 201 152 8011581 _401.80 16.2 5.50 I

50.0 .70 [ 29.0 1.80 50.7 5.I0 87.2 "5_

65.0 ,85 40.0 1.80 45.8 5.70 44.4 8.20

81.5 1.00 50.9 2.10 50.6 4.00 55.0 6.90
99.4 I.I0 64.7 2.40 60.0 4.40 70.8 7.70II_ .20 81.5 2.7_I_ _ 81.6

i47.o 1.8o lOl.O _.oo 82.8' ;:_ _o,o-
190.0 1.40 125.0 3. 7.0 ] 5.50 102.5

215,0 LI.45 i 148.0_ 5.50 I14.0 1 5.80 112.0 910,

259.0 1.50 178.0 t 5.80 124.0 8.00 119.0 9.50

_F2:° 1.5s 221: !._ [iiT:0 8.20 155.0 9.70
_00.0 I1.55 1 242.0 I _,00 153.0 / 5.40 150.0 9.90
800.0 11.70 | 274.0 I 4.10 ' 167.0 | 8.55 165.0 alo.80

288.0 4.15 168.0 8.70 180.0 i0.55
800.0 4.40 204.0 6.80 200.0 i0.80

...... _- 2_2.0 t 7.05 '_40.0 10.9_245.0 7.!5 970.0 n.15

i t 280.0 7.20_00.0 n._5
_79.0 7.50 800.0 11.70
500.0 7.40

_;8o
aTsnk bottom becomes exposed.

Tangential velocity,

In./sec
r

51, 38 85.28 IIi 158 •7

Time, [ Liquid- Time, ] Liquid- Time, Liquid- Time, ILiquld-
t, I level t, I level t, level t, I level

ssc ! rise, see ] rise, seo rise, se_ _ rise.

Inltl'al liquid level,--12 In_--_ ........

o 0 o

4.2 _,2 .30 5.3 .80 2.8 ,I0
7.S 8._ .40 5.5 .80 5,4 1.00

I0.8 ] .20 I 14,2 ] .70 8.5 I,I0 8.4 1.50

15,1 ,oilgll 8o 115 15o ll, 2_
-- _ 1.40 t5,0 2.50

_1.5 I .25 I 31,0 [ 1.10 25.0 2 I0
40.5 I .3o I 41.0 | 1.40 I 55.4 2 70 ] 29 4 _4! 4.00 ]

55.1 I .40 I 51.8 I 1.70 I 48.1 5.80_65440.3 ! 4.80 85850 867,2  82.5805,0] I.3o78,42o .:,

19o:ot84.0 :;; 11o4:o ! _:7o_._ 88.0 4.58 1!!_.8 7.4i!! i

1104.01 .8_ I 127.0 I 2.90 , n_.o s._o ne.0 8.50

24.0 .90 lsl.o] 5.10 ! 158.0 5.85 _5.0 8.90147.0 _ _!_I-I'00 181.0 5.55 185.0. _ 8 .O0 167 -0 9.60_1_ _o2.o 8.40 ,192.o
]185.o I 1.1o I e39.o I 5.75 i 228.0 8.70 ,_5.o ! _._2_ I

2205,0 1,15 264.0 5.88 i 252.0 6.85 ! 241.0 I0.60,0.01I:_1500.0I 4.001500.07.10_85.010.90
,255.o1 1.5o ] 800.0 , 4:_?__ 8oo.o 7.70 5oo.0 n.oo ;ooo1,o/ I °00.0 2oo
800o .8o, / I!!!! t

Initial liquid level,

_ o o %° _ o.i .OS 8,5 i 3.5

9.7 ,25 9.8 1.10 8,5
16.5 .55 15.2 1.00 8.$
24.5 .55 19.2 1.70 II,5

57.5 .70 _4.I 2,00 } 18.7
44.2 .75 81.1 2.50 I 21.2
53,4 .90 43.0 2.70 I 30.9
60.6 1.00 57.8 5.15 I 46.8
75.4 I 1.10 88.7 5.50 ! 68.6

[

90.0i 1.28 99.o 5.75 _ 95.s

I05.0ii 1.55 118.0 4.00 I 122,0

[18.0 1.45 159.0 _.15 I 169.0

136.0 1.45 ISO.O 4.20 I 197.0
I 148.0 1.50 180.0 4.50 I 230.0

[64.0 1.55 210.0 a_.sS I 257.0
[79.0 1.55 244.0 4.45 I 500.0
.)00.0 1,50 500.0 4.50 ]
_20. o I. 80
_40, I. 80

1.60

1.65

t :

-- Jo o i 0.30,85 4.5 i
i,o0 8.1 1.85
1,70 8.5 _,50
2.80 12.1 3.90

2.90 16.7 4.50

5.55 21.1 5.20
4.20 50.0 a6,50
5.10 41.4 7.55

a5.90 61.2 8.10

6.45 78.2 ' 6.55
8.75 91.0 8.85
7.10 108.0 9.10
7.15 125.0 9.50

7.20 150.0 9.55

7 25 ! 187.0 9.65

7.50 i 203.0 9.75
: _24.0 9.80
! 248.0 9.85
500.0 9.g0

1 '

I

-4
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I

TABLE I. - Continued. EXPERIMENTAL LIQUID LEVELS

AT TANK WALL AND CORRESPONDING TIMES

(b) Kinematic viscosity, 3.4 centistokes

Tangential velocity,

in./sec

83.28 Ill 138.7

Time,

t,

sec

Liquid-
level

rise,

_h w ,

in.

Time,

t,

seo

Liquid-
level

rise,

Ah w ,

in.

Time, Liquid-

t, level

sec rise,

m_w,
in.

Initial liquid level, 16 in.

0

5.4

15.4

29.5

45.8

59.6

74.7

88.0

104.0

120.0

150.0

180.0

218.0

241.0

500.0

0

•40

.80

i. 20

1.60

2. O0

2.50

2.6O

2.80

5.I0

5.50

5.60

5.80

A. 00

4.10

0

8.7

25.0

29.2
44.8

58.8

74.3

89.1

I04.0

I18.0

149.0

178.0

209.0

238.0

500.0

0
i. 50
1.80

2.20
5. O0

5.60
4.20
4.60

5. O0
5.50

5.90

6.20
6.50
6.70
7.00

0
2.8

15.5

26.6
57.1

56.1

71.1

85.9

i01.0

116.0

155.0

0

.60

5.50

5.80

5.70

8.00

6.90

7.60

8.20

8.70

9.10
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cO
!

TABLE II. - T}{EORETICAL _ALUES OF

STEADY-STATE LIQUID LEVEL RISE

CALCULATED FROM EQUATION (5)

J_
o

_9
l

Initial Tangential velocity, _R, in./sec

liquid

level, Sl. 36 83.28 iii iS8.7

Hi ,

in. Steady-state liquid-level rise,

AHw, in.

8

12

18

1.7

1.7

1.7

1.7

a4.42

4.48

A.48

4.48

a7.3

7.8

7.8

7.8

al0.0

all. 9

a12.4

12.4

aTank bottom exposed.



2O

r
i_7 +_r !

(a) Force balance at free surface.

i

(b) Steady-state configuration for tank

with unexposed bottom.

_I Hi

(c) Steady-state configuration for tank

with exposed bottom.

Figure i. - Fluld-surface configurations

in spinning cylindrical tank.
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2_

24

16

12

Initial

lic uid

level,

H _

in.

-- i

16 TM

12

8

4j

/
/

Tank

condition

Unexposed bottom

Exposed bottom

//,/
,//7
,," /

/t //

7

/, /

/

J
!

/
I

J

/

/
J

0 40 80 120 160 200 240

Tangential velocity, a_R, in./sec

. Figure 2. - Influence of initial liquid level on steady state liquld-level

rise.
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Revolutions f---Elapsed-time
lindicator

indicator _
i'

'
_/_./////_ <////////////_ ////.I/////// $"

I! "" ex glas's

I llit' _i ' )r

Spinning :
n_iiii:._. Iiqula- i:
_ i:surface I

of il e/-/:: I
"" 1 il

t ':%!{::_ y////////////////////////////J P//////////_

tank

High-lntensity light

Camera

!
GO
-4
-4

I
(a) Schematic diagram of apparatus.

Figure 5. - Spinning-tank test rig.

/cp-v3_o/



23

b-

CO
!

Pq

o
•H -_
-_ U_
0 _b

+_
oH

e.H .H

° _

_ ,
o

g _

%



2_

0

_ i

0<11-10

il\,

1

CO (D

@

O

,--t
0

co

"d

,---t
.el

O

4-_

O
#a o

o

N
©

o

g#

o

"H
r_
0
0

..i-I

0
'.H
f:'

©

.Ti

,-I

crl
*H
,-I

-_ 0

.r-I

q-_ h
0

r._

;-I
cO ,-..t

%-H
O O

,--t

m I:"

rt.rt

O
_ 4_

_ 4-_

N],-t
-el
Nt

I

"4
"q



25

i

I

9

GO

© ,r4

(1) 0

O

J
J

J

4 j

f-

©

,d
.rt

.r-t
,--t

.,,-I

.,-I

N

(

i

t

,-t

,--t

L

/
:D

I

ffJ

0
4-)

0

r..)

!

©

4._

%
(1)

N
i1)

,-4

-e-I
4._
@

O

4._

4._

!

4._
r/l

O

O

r..)

v

0
,-I
¢l

e_

© -r-t

O_
_ ,-4

.rt

,--t

O

¢)
4-_

_ m
-,-t

-r-t

m -,4

,--t .,-t
.r.-I

C_

i1)

.r.t



26

I ....

I

,-t

0d
r-t

'co

0 _
-,d

o

I

o
.,d

-p

OD
.H

_J

bB

.H

m

,d

.rl

0

0
.r--I
+_

.r'l

,.0

I

--..1
-,..1



O0
!

0

!

0

\

©

•r_ 0

0

o,_ 0, D b

0

\
\

o

..... _ _ o

_D "_ O_ 0

• .o

• .o

...... O0
rH

c_
©

o_
J

o

_-I_7/_ _OT°, "e'_ _ST,_-y_Aey-pTuBT_

'ct
-,-I

.t-I
,-I

!

c_

co

.,-I

,-j

0

©
r_

r_

o

.,-t

0
0

_D

4-_

if2
0 •

-_0

©

4_

©

"r-I
gt
!

,-4

I

0

0

4 _
.r't
_d

0
o

0

0

-0
o
©

!

ID

t_



28

-r-I
-p

L_.

0 C_O CO

,_ ° °

!

(1}

.r-I

0

"1"1 m

%
e--I -0 _ I
0 0 _ r--I

0 ,-t

0

m _ o

0

0 .0

g
4

_ o
,--t _

!

,_ 4-_ °

•_ _ 0

!



I

F_

0

o
0

,,_ co

4._ or-t

_tD
r'_ 0,1 t¢'_

t¢'_ r-t C0 U'_
,-'-I ,-t

OH,_O

29

0

,-q

d
4°

4o o_
.,-I

i r--I

m _
.r-t

_ .r-t
4 _ ,-t

ffl

•"M _O .rt

4._ 4o

I1) _ O

O

,-'-t

_ m
O _'_
O O

•r"t m

q0

•r'l O
O r...)
O

_'_
¢.D

o
v

O



5O

O

00

cO

O

..el
o

©

r-I

.,q

©
4J

4J
m_
I

0J
©

4-)
0"J

rl
oJ

.,-I
4-0
-r_

H

4-)
";-I

O
O

-r-(
I>

O
",-I
4.J

'lJ

4J.

O
O

r--I

.r-I
4J

C_

v

",'H

.r'l

I

CP
_-I
I

r_

0

0

0
o

0

0

4_
0

©

0
0

I

©

I

-q



3R

p..

CO

I ,!

\
\

\

\
!,

t-.....
\

q--..... \

\

\

\

0 o_ oo

51

[-_

\



32

0

\
\
\
\
\

\

\
\
\

\

\
\

\
\
\

\
\

\

¢1

,-1

,d

,--t

-rt
4-_
.el

\

\

no

co

\

o

!
0_
--..1
-M



L"-.
I"-.
CO

!
r-_

_r

L_
!

r..)

0

4

\

\

\

\
I

GO

\
\
\
\
\
\
\

h
©
,-4

"d

.r-I
,-1

-,.-I

4

\
\
\
\
\

\
\
\
\

"4or-I
o.-I

_b
0

•_ CO c_ __.

_) -,-'1

% ,---I __.
@

CO

I
DO I m.

I

X \

(23 ,4t 0,1

O

CO

3

O

¢)

O
4._

©
e...l

O
(D

£
-O

ro
0
0

-,-I

o,-1

,.r.t

M

NI

55



%

1 %

8

2_

N

g

V

g

e
I

a

!

",4

",4



cO
!

r_

-_ o

i_v _ "_

,-I
0

OD

CO c.O--

• •

¢:0 l&'_

--!El .....

[]

- O

\
0

]

D

\
o

• [

0
0

<3

<>

<_

<>

(

8

©

<>

0

0

_J

r-I

• _1_

O)

!

r-_ II

4._

•0 4 -_

•_ ,-.I
111

0

_ °
M

d



36

-.I._.;-,I ,_ _ Cx_ _,,r')

oo,_0

1

0

J

_o

k 0

!

H

o
.._ 0

Pl .,o

© ...+

o _

_ °
m m
0 _

4-_

M _

,_ 0 •

4._

,+

NASA-Langley, 1962 E-877


